Diverse ZnO integrated nanostructures, constructed by epitaxial nanowalls and symmetric single-crystalline nanosheets, were successfully synthesized via a strain-assisted self-catalyzed process at a low temperature of 500°C. The nanostructures started with the growth of ZnO nanowires, nucleated on a rugged ZnO single-crystalline film via a strain-assisted self-catalyzed growth mechanism. The nanowalls were then formed by the interconnection of the nanowires. Finally, the nanosheets were grown from the edges of the nanowalls. The growth mechanisms were supported by direct experimental evidence. Room-temperature cathodoluminance spectra show a relatively strong and sharp ultraviolet emission as well as a weak and broad green emission. The integrated nanostructure may be applied to develop self-inclusive nanoelectronics.
In recent years, one-dimensional [1] [2] [3] [4] [5] [6] [7] and high-dimensional [8] [9] [10] [11] [12] semiconductor nanostructures in various forms have been synthesized and have attracted much attention. The successful synthesis of these diverse nanostructures opens numerous fields of application. However, the growth mechanisms of many previously reported nanostructures are still not identified yet. Understanding and hence practical control of the growth process is essential for the application of the materials in nanotechnology.
In this work, we not only synthesized various ZnO highly symmetric integrated nanostructures, which might shed a light on building self-inclusive nanoelectronics, but also provided a new strain-assisted self-catalyzed growth mechanism for a series of single-crystalline nanostructures, including nanowires, nanowalls, and nanosheets, which appeared in the integrating procedures of the three-dimensional integrated nanostructures. These proposed growth mechanisms were supported by direct experimental evidence.
The diverse ZnO integrated nanostructures were synthesized via a simple catalyst-free evaporation-condensation process at a low temperature of 500°C. A cleaned silicon ͑100͒ substrate and zinc powders ͑purity 99.99%͒ were inserted into a horizontal quartz tube. The substrate was placed downstream from the sources. Different from conventional evaporation-condensation methods, neither catalysts nor additives were needed. The gap between the source and substrate was varied from 2 to 4 cm. The experiment started with an argon flow of 100 sccm into the deposition system and the working pressure was kept at 1 Torr. Subsequently, the sources and substrate were heated at a rate of 25°C/min from room temperature to 500°C. Once the temperature of 500°C was reached and maintained for 1 min, oxygen was then introduced with a flow rate of 5 sccm. After heating at 500°C for 60 min, the substrate was slowly cooled down in the furnace to room temperature.
The most frequently synthesized product was six-fold symmetric nanostructures as shown in Fig. 1͑a͒ in a tilted scanning electron microscopy ͑SEM͒ image. The nanostructure is constructed of epitaxial nanowalls in the core with overhangs radiated horizontally from the edges of the core. The thickness of the individual nanowalls is in the range of 20-30 nm, and the average width of the overhangs is around 100 nm. Figure 1͑b͒ is a lower magnification SEM image showing that the nanostructures are well isolated and separated. The nanowall regions are mostly hexagonal in shape, while the overhangs are constructed of multiple stacked nanosheets. In addition to the six-fold units, isolated and elongated two-fold symmetric units were also produced as shown in Fig. 1͑c͒ , where the nanowall rectangle is 300 nm wide and 3 m long. The overhangs vertical to the edge of the nanowalls are composed of a few tens of nanosheets. Figure 1͑d͒ shows a rare four-fold symmetric nanostructure, where the stacked nanosheets present a 90°rotation between adjacent ones. Usually, these integrated architectures were not obtained until the nanowalls were well developed to a threshold size. Figure 1͑e͒ shows a tilted view of the typical nanowalls in the core. Figure 2͑a͒ shows the transmission electron microscopy ͑TEM͒ image of a six-fold unit, exhibiting the hexagonal characteristics and a light thin region between the nanowalls and the nanosheets. The ͑0001͒ diffraction pattern from the nanowalls in Fig. 2͑b͒ indicates that they are single crystalline and the c axis is perpendicular to the substrate. Figure  2͑c͒ is the electron diffraction pattern of the overhang from Zone ͑2͒ in Fig. 2͑a͒ and demonstrates an interesting result in that they are also single crystalline and the c axis is parallel to both the substrate and the long side of the overhang, exhibiting a 60°rotation between adjacent ones as indicated by the arrows in Fig. 2͑a͒ . The thin regions at the interfaces are estimated to be about 20-30 nm from the intensity profile in Fig. 2͑d͒ and the corresponding high-resolution TEM image is shown in Fig. 2͑e͒ , which reveals that the observed plane is ͑0001͒ and the ͓2110͔ direction is parallel to the edge of the core.
The observed ZnO nanowalls were not grown via the conventional catalyst-assisted vapor-liquid-solid mechanism as reported previously [13] [14] [15] because no catalysts were found. Instead, they were grown vertically from a rugged singlecrystalline ZnO wetting layer through a strain-assisted selfcatalyzed mechanism. Figure 3͑a͒ shows the SEM image of an embryo of a six-fold unit, which reveals the hexagonalshaped rugged but single-crystalline film from Fig. 2͑b͒ , which could be a result of the interplay between the dynamic wetting behavior and the protruding action attributing to the mismatch between the Si ͑100͒ substrate and the ZnO film. 16, 17 Remarkably, there are some nanowires grown vertically through the fluctuated sites of the rugged film via a strain-assisted self-catalyzed growth mechanism rather than a common self-catalyzed process from Zn droplets or ZnO x particles. In addition, another embryo with partially well developed nanowalls at a later growth stage is also shown in Fig. 3͑b͒ . Therefore, the growth scenario can be realized as follows. The protruded sites of the rugged single-crystalline film where stress relaxes most would be the ideal sites for the nucleation of the subsequent ZnO nanowires. Furthermore, the nanowires tend to assemble themselves along the trajectory of high stress relaxation into nanowalls and eventually form a two-dimensional network. The rugged singlecrystalline film stopped extending until a threshold area decided by the maximum tolerable strain energy before the creation of serious defects. Subsequently, numerous protrusions were preferably nucleated from the edges of the films due to less strain at the growth habit. The formation of the numerous protrusions can likely be ascribed to the significant release of strain energy. After the formation of the protrusions, numerous nanosheets grew out with the crystallographic c axis vertical to the edge of the nanowalls and formed the radiated overhangs. The schematic diagram and the corresponding SEM images showing the growth stages of a six-fold symmetric integrated nanostructure are given in Figs. 3͑c͒ and 3͑d͒ , respectively.
The room-temperature cathodoluminescence ͑CL͒ spectrum in Fig. 4͑a͒ show a relatively strong and sharp ultraviolet ͑UV͒ emission centered at 373 nm as well as a weak and broad green emission centered around 500 nm, which should be attributed to the free exciton recombination at the nearband edge and the transition between the photoexcited holes and singly ionized oxygen vacancies, 18 respectively. Figure  4͑b͒ shows a low magnification SEM image of a six-fold unit, while Figs. 4͑c͒ and 4͑d͒ are the corresponding monochromatic CL images for emission at 373 nm and 496 nm, respectively. This demonstrates that the stronger UV emission and weaker green emission distribute uniformly over the entire unit, indicating that the integrated nanostructures possess good crystal quality with few oxygen vacancies. In summary, various ZnO nanostructures integrated with epitaxial nanowalls and single-crystalline nanosheets were successfully synthesized by a strain-assisted self-catalyzed process at a low temperature of 500°C. The growth mechanisms of nanowires, nanowalls, and nanosheets in the integrating processes of the nanostructures were supported by direct experimental evidence. Room-temperature CL spectra of the nanostructure show a relative strong and sharp UV emission as well as a weak and broad green emission. The integrated nanostructure may be applied to develop selfinclusive nanoelectronics. 
